Introduction
In 2004, the World Health Organization (WHO) developed a new classifi cation for atypical pituitary adenomas (APAs) and pituitary carcinomas (PCs), based on their immunohistochemical markers and clinical behaviors. 1) Atypical adenomas are defi ned to have a Ki-67 (MIB-1) proliferation index of 3% or more, and extensive nuclear staining for p53 protein. Pituitary carcinomas are characterized by the above-mentioned biochemical features and the additional presence of cerebrospinal and/or systemic metastases (Fig. 1 ). APAs and PCs are resistant to conventional treatments. [2] [3] [4] Thapar et al. 2) reported that the average rates of MIB-1 staining indices in non-invasive adenomas, invasive adenomas, and pituitary carcinomas were 1.37%, 4.66%, 11.91%, respectively. The criterion that a Ki-67 (MiB-1) staining index is 3% or more was based on these findings. Meanwhile, some of APAs and PCs demonstrated the negative staining for p53 and/or MIB-1 staining indices less than 3%, despite their malignant clinical courses.
In general, pituitary adenomas comprise an invasive adenoma frequently, which grows with A B 5) In the latter report, the authors mentioned that the frequency of APAs was overestimated because their hospital was a medical center for which a number of treatmentresistant cases have been applied.
Pituitary carcinoma occurs very rarely. The incidence of PCs has been reported as 0.12-0.2% of pituitary adenomas. 4, 6) They have no difference in sex and in age distribution. In the literature, PCs consist largely of functioning (hormone-generating) adenomas. No PC cases are known to develop on a familial basis or to be accompanied with MEN-1 (multiple endocrine neoplasia type 1). Most of PC cases are preceded by aggressive clinical courses as APA in which they underwent surgeries, irradiation, and chemotherapies. In the event that an intrathecal dissemination or a distant metastasis was pointed out, the diagnosis of PC was determined. Sixty-six percent of the patients deceased within 1 year after the detection of metastatic lesions. 6, 7) The mean survival period of PC patients was 2 years: 1 year for cases with systemic metastasis and 2.6 years for cases with intrathecal dissemination, respectively.
Zada et al. reported that 50% of APAs (9/18) were hormone-generating tumors, including fi ve growth hormone (GH) secreting tumors, two adrenocorticotropic hormone (ACTH) secreting tumors, and two prolactin (PRL) secreting tumors. 5) In the review of the literature, most of PCs are hormone-generating adenomas, and ACTH-or PRLsecreting tumors are majorities in particular. [7] [8] [9] Eighty-eight percent of PCs were functioning tumors: 42% for ACTH secreting tumors, 33% for ACTH secreting tumors, 6% for GH secreting tumors, 5% for luteinizing hormone (LH) and/or follicle-stimulating hormone (FSH) secreting tumors, and 1% for thyroidstimulating hormone (TSH) secreting tumors. 8) In the national survey for PCs and APAs by the Japan Society for Hypothalamic and Pituitary Tumors performed during 2010-2011, 10) 35 cases of PCs consisted of 12 cases (34%) of clinically non-functioning tumors, 11 cases (31%) of ACTH secreting tumors, 5 cases (14%) of PRL secreting tumors, 4 cases (11%) of GH (including GH-PRL) secreting tumors, 1 case (3%) of TSH secreting tumor, and 2 cases (6%) of unknown subtype. In this report, the clinically non-functioning tumors are interpreted to include LH/FSH secreting tumors.
Histological and Molecular Pathological Features
Both APAs and PCs are characterized by mitoses of tumor cells, elevated levels of MIB-1 staining index, and positivity for p53 protein. These fi ndings are useful in differentiating APAs and PCs from "typical" pituitary adenomas or invasive pituitary adenomas. 2, 5) With regard to PCs, it was reported that they had relatively higher microvessel density than common pituitary adenomas. However, the nuclear atypicality, the elevated cell density, the presence of hemorrhage, and necrosis in tumors are not necessarily correlated with malignant grade. 7) In the diagnostic process of PCs, the metastatic lesion must be proved not to be derived from other tumors. Particularly, in the differential diagnosis from ectopic Cushing's syndrome, the presence or previous history of a pituitary adenoma should be confi rmed. The immunohistochemical and/or ultra-structural fi ndings are also useful in distinguishing between PCs and other metastatic tumors. In cases of hormonesecreting PCs, for example, the immunopositivity of systemic or disseminated lesions for the same pituitary hormone would attest the metastasis from the primary pituitary carcinoma. In addition, metastatic pituitary tumors (metastasis from other malignant tumors to the sella turcica) are discriminated from PCs. The conventional immunostaining markers would facilitate the diagnostic process. Pituitary adenomas usually demonstrate the immunopositivity for keratin and epithelial membrane antigen (EMA); the immunonegativity for S-100 protein, carcinoembryonic antigen (CEA), vimentin, neurofi lament protein (NFP), and glial fi brillary acidic protein (GFAP).
Treatment of PC and APA
The cases with APAs are more likely to follow a clinically aggressive and invasive course. Zada et al. 5) reported 18 cases with APA, all of which underwent transsphenoidal surgeries (TSSs). Four cases of them had undergone precedent surgeries once or more. Sixteen cases (89%) were invasive in intraoperative findings, and they had taken place invasions to parasellar regions and/or dura of the skull base. Cases with PRL-secreting adenomas had undergone precedent medical therapies with dopamine-agonist (cabergoline). One of the cases was a silent ACTH-secreting tumor which was treated with gamma knife surgery and proton therapy. Through TSSs, the total removal of the tumor was accomplished in 13 cases (78%) and partially removed in 5 cases (22%). In hormonegenerating tumors, 57% of them had improved endocrinologically through surgeries.
In case of PCs, metastases and/or disseminations have taken place already at the moment of diagnosis of PC, and therefore, treatment options for PCs are limited. The treatment of PCs is similar to that of invasive and progressive pituitary adenomas and includes surgeries (TSS and transcranial surgery), irradiations, and adjuvant medical treatment. 8, 9) PCs are extensive and large tumors presenting perifocal mass effects which cause neurological symptoms, not only excessive hormone secretion of the tumor which causes systemic organ defi ciency. Therefore, surgical resection can facilitate the reduction of mass effects and relieve neurological symptoms immediately.
9) However, it is unrealistic to carry out en bloc resection of the tumor in a surgery. When the tumor demonstrates extrasellar extension such as invasion to the cavernous sinus and progression into the middle or posterior cranial fossa, we should choose operative procedures including TSS, craniotomy, and sometimes combined surgery of both. 11, 12) Radiotherapy has widely been used historically for precaution of tumor regrowth as a postoperative treatment, and for local control of metastatic lesions. 13, 14) In the previous studies, irradiation was valid for local control at least temporarily, however, this treatment modality was less effective for the control after the tumor was proven as a PC. [15] [16] [17] Stereotactic radiosurgeries, including gamma-knife surgery, have the advantage that they can be applied to patients who have already had conventional radiotherapy and have developed a recurrent tumor or metastases. 18) However, experience with stereotactic radiosurgeries has been demonstrating only palliative effect in most cases. 13, 15, 19) Although most cases underwent surgical resections or irradiations for the metastatic lesions, they provided only palliative benefi ts and rarely maintained longterm remission. 6, 7) Several conventional regimens of chemotherapy had been reported, however, there were no randomized studies. In most cases with PC, the conventional chemotherapies are ineffective. 14, 20) PRL-secreting PCs have mostly acquired resistance to dopamine-agonists. 13) Kaltsas et al. 14) reported seven patients; three with highly aggressive and four with malignant pituitary tumors, who received one or more courses of chemotherapy with lomustine and 5-fl uorouracil. The survival period from the time of initiation of chemotherapy in patients with malignant tumors ranged from 3 months to 65 months. All patients with metastatic tumors eventually died.
With regard to poorly differentiated neuroendocrine tumors exhibiting high proliferative indices, it was demonstrated that chemotherapy in combination of cis-platinum and etoposide might be associated with considerable response. 14, 21) Some retrospective data on the use of chemotherapy in PCs with systemic metastases have showed that conventional chemotherapy may prolong the patients' survival, but not be curative. 9, 13, 14) In recent years, the efficacy of temozolomide (TMZ, Merck & Co., Inc., New Jersey, USA) treatment for malignant pituitary tumors has been reported. The following section focuses on TMZ treatment for PCs and APAs.
TMZ Treatment for PC and APA
TMZ is a second-generation alkylating agent, which induces gene damage and inhibits deoxyribonucleic acid (DNA) transcription with alkylation at the O6 position of guanine bases. TMZ has been widely applied in the treatment of glioblastoma. The O6-methyl-guanine-DNA methyltransferase (MGMT) is a DNA repair system, which represents the important mechanism of resistance to TMZ through repairing an alkylated guanine of DNA. 22) Regarding malignant pituitary tumors treated with TMZ, 24 case reports of PC and 27 case reports of APA were reported in the literature from 2006 to 2012. TMZ was administered mainly according to the standard therapeutic dose of 150-200 mg/m 2 daily for 5 of every 28 days as one cycle. 50) In these reports, TMZ was effective in 36 cases (71%) and ineffective in 15 cases (29%). It was implied that limited cases, treated successfully, were reported in the earlier years, and the results were biased toward the better.
Bush et al. 41) reported seven consecutive cases treated with TMZ; effective in fi ve cases (71%). Raverot et al. 43) reported eight consecutive cases treated with TMZ; effective in three cases (38%), and Losa et al. 44) reported six consecutive cases treated with TMZ; effective in four cases (67%). The mean response rate was 57% (12/21).
In the reported TMZ-responsive tumors, the clinical response is rapid and is associated with decreased mass effects. In the patients with functioning tumors, an immediate reduction in serum hormone values became apparent after the administration of TMZ. 51) In the morphologic and histological fi ndings, the TMZ-treated tumors were reported that had tendency to differentiation and a lower MIB-1 staining index, hemorrhage, necrosis, focal fi brosis and neuronal transformation. (24, 25) These changes had resulted in softening and friability during surgery. Low-level MGMT immunoexpression was correlated with a favorable response. 43, 51) However, no remarkable
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For one instance, we present a case of a patient with PC (Figs. 1, 2) . 45) A 60-year-old woman with atypical prolactinoma had undergone multiple therapies for 7 years, including dopamine-agonists, surgical resections (5 times), conventional irradiation, and gamma knife surgery. Ten cycles of TMZ therapy, 200 mg/m 2 for 5 days every 4 weeks, caused tumor shrinkage, decrease of serum prolactin levels, and improvement of her neurological symptoms. Six months after discontinuation of TMZ, the tumor became recurrent with local tumor regrowth and intraventricular disseminations (Fig. 1) , which proved to be pituitary carcinoma. The tumor had acquired resistance against TMZ at that time. A sixth surgery and adjuvant chemotherapies were ineffective, and the patient deceased 9 years after the fi rst diagnosis of APA. The pathological fi ndings of the tumor specimen resected by the sixth surgery demonstrated atypical nuclei, mitoses, high Ki-67 labeling index (18%), and immunopositivity for prolactin and p53 protein (Fig. 2) . In this case, MGMT was immunonegative in the tumor specimens throughout her clinical course. Although MSH6 was diffusely immunopositive in the atypical adenoma, it became immunonegative when the tumor recurred as TMZ-resistant pituitary carcinoma. association was found between MGMT promoter methylation and the response to TMZ treatment. 41, 51) In the national research of the Japan Society for Hypothalamic and Pituitary Tumors, 10) the clinical and pathological fi ndings of 13 cases of APAs and PCs treated with TMZ were reported. In that study, although 10 cases (77%) responded to TMZ completely or partially, 6 cases (46%) became recurrent after a response to TMZ. The mean period that the tumors acquired resistance after the initiation of TMZ was 10.5 months, ranged from 5 months to 19 months. In this report, MGMT immunoexpression had no remarkable relation with the response to TMZ.
In literature, the long-term outcomes of 13 PC cases after TMZ treatment, which responded to TMZ initially, were reported. 52) Seven patients were considered as stable, 6-34 months after the cessation of tumor growth (median, 16 months). Six patients became recurrent, 4-15 months after the cessation (median, 9 months).
We demonstrated that the immunoexpression of MSH6 had correlated significantly with TMZ efficacy. 10, 45, 53) The mismatch repair (MMR) pathway plays important roles in the removal and maintenance of DNA base mismatches caused by incorrect insertions or deletions arising from DNA replication. In MMR pathway, base mismatches are detected by the heterodimers of MSH2 and MSH6, which assist another heterodimeric complex of MLH1 and PMS2. 54) Unrepaired TMZ-induced O6-methyl-guanine (MeG) can pair with cytosine (C) or thymidine (T) and the nucleotide pair of O6-MeG/C or O6-MeG/T is detected by the MMR system. Keeping O6-MeG intact, only newly synthesized strands are excised, and this repair cycle will be repeated. With this useless cycle, MMR pathway stimulates DNA damage-induced G2 checkpoint and apoptosis during DNA synthesis. Therefore, it was suggested that the inactivation of MMR is associated with tolerance to the cytotoxic effects of alkylating agents. 55, 56) Based on the published cases and studies, it was reported that low MGMT and positive MSH6 immunoexpression had positive correlation with the response to TMZ in the treatment of APAs and PCs. Raverot et al. proposed that response after three cycles of TMZ treatment was a predictor of TMZ effectiveness. 43) However, other reliable predictors of TMZ treatment effi cacy have not been revealed in clinical profi les or pathological fi ndings of the subjects. Ortiz et al. suggested that TMZ therapy can be recommended when other therapeutic options fail in aggressive pituitary adenomas and pituitary carcinomas exhibiting continued growth after repeated surgeries, radiotherapy, and drug therapy. 
Alternative Treatments for TMZ-Resistant Pituitary Tumors
Several different treatments for TMZ-resistant PCs and APAs have been sought recently. Some case reports suggested that other chemotherapeutic agents were useful in combination with TMZ.
Thearle et al. 37) reported a case with an aggressive corticotroph pituitary tumor treated with TMZ and capecitabine. In this case, although the tumor decreased remarkably in size and serum ACTH levels, the tumor recurred after 5 months harboring a more malignant phenotype.
Bode et al. 39) reported a case with an ACTH-secreting pituitary carcinoma complicated with widespread intracranial and systemic metastases, and treated with TMZ and pasireotide (SOM230, Novartis, Basel, Switzerland). A sustained tumor control was achieved for 12 months in combination with TMZ and pasireotide, and for more than 9 months on monotherapy with pasireotide.
PI3K/Akt/mTOR signaling is up-regulated in pituitary tumors, 58) and the anti-tumoral effect of mTOR inhibitor, everolimus (Novartis, Basel, Switzerland), on pituitary cell lines or primary cultures has been demonstrated in vitro. 59, 60) Jouanneau et al. 61) reported an ACTH-secreting pituitary carcinoma treated in combination of everolimus and octreotide. Unfortunately, this combined therapy did not achieve to control neither tumor growth nor ACTH secretion.
Anti-angiogenic therapy was also attempted in the treatment of malignant pituitary tumors. Ortiz et al. 47) reported a case with an aggressive silent corticotroph adenoma, progressing to carcinoma after TMZ administration. Anti-vascular endothelial growth factor (VEGF, bevacizumab, Roche, Base, Switzerland) therapy was induced, and long-term (26 months) control of the tumor was achieved.
In addition, the role of the epidermal growth factor receptor (EGFR) pathway was reported in growth regulation of pituitary adenomas, and EGFR is regarded as a potential therapeutic target with tyrosine kinase inhibitors. 62, 63) However malignant pituitary adenomas occur infrequently, we may have to consider alternative therapeutic options along with existing adjuvant therapies in combination with surgeries, radiotherapy, and TMZ.
Conclusion
Pituitary carcinomas mainly develop from aggressive or atypical pituitary adenomas, harboring elevated proliferative rates and mutant p53 protein.
Although most cases with PC underwent multimodality treatments, including transsphenoidal and/ or transcranial surgeries, radiotherapy and diversified conventional chemotherapy, these therapeutic procedures are usually palliative. On the basis of the recent findings, TMZ, an alkylating agent, is a potential and alternative treatment for PCs. The low MGMT immunoexpression and the preserved MSH6 immunoexpression are positively correlated with therapeutic response to TMZ. However, through the course of TMZ treatment, PCs acquire resistance against TMZ at a high rate. Because of the rarity of APAs and PCs, the small number of available subjects is the limitation of the studies for malignant pituitary adenomas. Multi-institutional clinical and basic researches to assess optimal regimens are necessary.
